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ABSTRACT
The Belle II Experiment at the SuperKEKB collider in Tsukuba, Japan is the latest
of a new generation of B-factory experiments, designed to produce B meson particles
in abundance. The aim of the Belle II experiment is to "discover new physics in the
decay of the bottom quark (b), charm quark (c) and tau lepton (τ) and explore the
dark sector." The SuperKEKB collider aims to produce instantaneous luminosities of
upwards of 8× 1035 cm−2 s−1, nearly an order of magnitude higher than previous B-
factory experiments Belle and BABAR. Software packages, such as physics modules for
the popular Geant4 simulation toolkit, must be validated before they are incorporated
into the Belle II framework. An example of one such validation campaign is outlined
in this thesis. A thorough study is carried out on the novel Belle2 PhysicsList, and its
suitability for use is surveyed. Before the detector can be used for physics analysis it
must be vetted in a data-taking period. The procedure for data assurance, known as
data quality monitoring (DQM), is discussed for the K-Long (K0L) and Muon (KLM)
Detector. A selection of DQM plots are shown for reference, as these plots are used
to diagnose the health and performance of the detector. The conclusions presented
show the Belle2 PhysicsList is comparable with the default FTFP_BERT list, and
is acceptable for use. Results from DQM work show that the Belle II detector is
well-equipped to handle the high-luminosity environment at SuperKEKB with the
help of upgraded detector elements and revised software packages.
v
LAY SUMMARY
This work describes studies done with a modern-day particle detector, the Belle II
Detector, installed at the asymmetric high energy collider SuperKEKB hosted at the
Japanese National Laboratory (KEK) in Tsukuba, Japan. SuperKEKB collides elec-
trons and positrons at the center of the Belle II detector at an intensity never-before
explored with a goal of observing new physics phenomenon in the decays of bottom
(b) and charm (c) quarks, tau leptons (τ), or from the dark sector. The data from the
experiment is collected by several sub-detectors, the largest and outermost of which
is the K-Long (K0L) and Muon (KLM) Detector. Analysis of Belle II data requires a
simulation toolkit, Geant4, to model the response of the detector to the passage of
high energetic particles produced as a result of an electron-positron collision. This
work highlights a validation study of a Geant4 software module, the Belle2 Physic-
sList as well as a quality assurance study of the KLM subdetector. The findings
presented show the Belle2 PhysicsList adequately mirrors the performance of the de-
fault PhysicsList while reducing CPU requirements by up to 25%. The data quality
monitoring (DQM) process has furthermore shown the KLM detector is operating
efficiently and is prepared for physics analysis data-taking.
vi
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In this thesis, I will walk you through a description of the Standard Model of Physics
in order to introduce some of the relevant information needed to understand the mo-
tivation behind this study. Then, a brief history of the Belle II experiment is outlined
to highlight the key upgrades to the detector. Details of the theoretical background
prompting the Belle II experiment are laid out, including a description of the CKM
matrix. Next. I will describe the structure of the Belle II detector at-large, detailing
the major components of the detector individually. Chapter 3 focuses on the software
validation at Belle II, particularly of the Belle2 PhysicsList module. I will describe
my methodolgy and results in validating the Belle2 PhysicsList, as well as briefly
describe the simulation toolkit used by the experiment. In Chapter 4, I will reintro-
duce the KLM sub-detector and describe its structure and operation in detail. I then
describe the process for producing DQM plots for the KLM, and provide examples
of such plots. I will close with a conclusion of the results presented, highlighting my
work in vetting the Belle2 PhysicsList and the ongoing validation of KLM data.
The aim of particle physics is to understand the fundamental constituents of our
Universe and their interactions. Over time, the field of particle physics has developed
as our understanding of the structure of our surroundings has grown. As early as
the 6th century BC, the idea that all matter is composed of elementary particles
developed. With John Dalton’s early work in stoichiometry, the idea of an atom began
and soon physicists began trying to ’split’ the atom to learn more of its composition.
The early 20th century experiments in nuclear and quantum physics gave rise to a
number of new particles found in increasingly higher energy collisions. With such a
wide variety of particles being produced, the new environment became dominated by
the idea of the "particle zoo". Only with the development of the Standard Model in
the 1970’s are we able to describe the multitude of new particles as interactions of
their fundamental constituents.
1 The Standard Model of Physics
The Standard Model of Physics, first coined by Abraham Pais and Sam Treiman in
1975 with reference to the electroweak theory with four quarks, is our current theory
describing three of the four known fundamental forces (the electromagnetic, weak,
and strong interactions, and not including the gravitational force) in the universe, as
well as classifying all known elementary particles.
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The Standard Model Described
Our current understanding of matter and energy is best described as one of the
kinematics and interactions of elementary particles, or those which serve as the fun-
damental building blocks of the universe. At present, physics has reduced the laws
governing the behavior and interaction of matter and energy to a small set of fun-
damental laws and theories. One major goal of physics is to find a singular "theory
of everything", from which our current fundamental laws and theories, and thus the
behavior of all matter and energy, could be derived.
The Standard Model is best understood as a sort of categorical grouping of elemen-
tary particles based on their properties and interactions. The first division of particles
is made based on spin: those with half-integer spin are termed fermions, those with
integer spin known as bosons. Generally, half-integer-spin particles (fermions) obey
the Fermi-Dirac statistics while integer-spin particles (bosons) obey the Bose-Einstein
statistics. These two categories group all known matter into their respective domains.
Furthermore, fermions can be divided into (anti)quarks and (anti)leptons, where
particles which are deemed anti-matter have the opposite charge as their "regular"
matter counterparts, i.e. the positron (the anti-electron) has a charge of e. Leptons
and antileptons have a spin of 1/2, no color charge (in the sense of Quantum Chro-
modynamics), and interact via the electroweak force. The most familiar lepton is the
electron (e−), but it has progressively heavier cousins, the muon (µ−) and tau (τ−).
Each lepton has a corresponding neutrino, Italian for "little neutral one", which is an
electrically neutral and very low-mass particle that often goes undetected. Neutrinos
were particularly important in Pauli’s analysis of beta decay, and remain the source
of many modern experiments striving to describe their interactions.
The quarks, the other half-integer spin particles, have color charge, and primar-
ily interact via the strong force. Mirroring the structure of the leptons, there are
three known generation of quarks, each consisting of two particles and their respec-
tive anti-particles. The first generation of quarks consists of the up (u) and down (d)
quarks, and their respective anti-particles the anti-up (ū) and anti-down (d̄) quarks.
The progressively heavier quarks are the second generation charm (c) and strange (s)
quarks, and the third generation top (t) and bottom (b) quarks.
Particles with integer-spin are referred to as bosons, subdivided again into two
categories: gauge bosons and scalar bosons. The gauge bosons are force carrier parti-
cles with spin 1, and they mediate the three forces explained by the Standard Model.
The photon (γ) serves as the force carrier for the electromagnetic interaction, whereas
the W and Z bosons (W+, W−, Z) mediate the weak interaction. Lastly, the gluon
(g) mediates the strong interaction as Quantum Chromodynamics explains. There
are 8 known gluons, each equivalent to the Gell-Man matrices. They are most often
expressed in combinations of respective color charges (and anti-charges): red (r, r̄),
green (g, ḡ), and blue (b, b̄).
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Figure 1. Standard Model of elementary particles: the 12 fundamental fermions and
5 fundamental bosons. Please note that the masses of certain particles are subject to
periodic reevaluation by the scientific community. The values currently reflected in
this graphic are as of 2019 and may have been adjusted since. (Courtesy: Wikipedia)
There is only one known scalar boson, with spin 0, the Higgs boson (H0) [1]. The
Higgs boson is often called the "God particle" in pop science, a moniker disliked by
many physicists, Peter Higgs included. However, the importance of the Higgs bo-
son cannot be understated. The Higgs interaction is theoretically responsible for the
generation of mass for gauge bosons, without which much of physics would remain
misunderstood. The discovery of the Higgs boson in 2012 at the Large Hadron Col-
lider (LHC) at CERN remains one of the most important discoveries in physics to
date.
The structure of the Standard model can be seen in the graphical description
on the previous page. From this neat organization, the symmetry of the Standard
3
Model becomes evident. The fermions follow a generational pattern, with subsequent
generations being of higher mass. The first generation of fermions, the up and down
quarks coupled with the electron and electron neutrino, do not decay. As such, all
ordinary (baryonic) matter is made of these first-generation particles. Second and
third generation fermions decay with very short half-lives and are only observed in
high-energy environments. Neutrinos are unique in the sense that they do not decay,
but all neutrinos are of such low mass and neutral charge that they rarely interact
with baryonic matter.
History of the Standard Model
The Standard Model was developed over the course of the 20th century thanks to a
number of theoretical advances, and experimentally confirmed in the late 1970s with
the experimental discovery of quarks. Although the Standard Model is believed to
be self-consistent, it leaves some phenomena unexplained such as baryon asymmetry
and the presence of dark matter and energy.
The Standard Model’s history can be traced as far back as Emmy Noether’s epony-
mous Theorem detailing symmetry [2]. Although the technical details of Noether’s
work are beyond the scope of this article, the idea of symmetry plays a crucial role in
the foundation of the Standard Model. Later, Dirac formalized the behavior of spin-
1/2 fields using his self-named Lagrangian [3]. Furthermore, Richard Feynman’s work
in Quantum Electrodynamics (QED) [4] paved the way for Sheldon Glashow’s [5] the-
oretical combination of the electromagnetic and weak interactions. Finally, in 1967,
Steven Weinberg and Abdus Salam tied the Higgs mechanism into Glashow’s elec-
troweak interaction [6], setting the stage for the development of the modern Standard
Model.
The Higgs mechanism is believed to give rise to all known mass in the Universe,
including those of the W and Z bosons and all fermions (quarks and leptons). In
1973, F.J. Hasert experimentally verified the neutral weak current present in Z bo-
son exchanges at CERN [7], Glashow, Salam, and Weinberg’s electroweak theory [8]
became accepted and the trio shared the 1979 Nobel Prize in Physics for their devel-
opments. Again in 1983, the W± and Z0 bosons were experimentally discovered and
the ratio of their masses was found to be as the Standard Model predicted.
As the ongoing work on formalizing the electroweak interaction continued, the dis-
covery of asymptotic freedom by Gross, Wilczek, and Politzer [9] propelled the strong
interaction into the forefront of particle physics research. A multi-faceted front, the
research into the strong interaction produced Quantum Chromodynamics (QCD) as
a theoretical explanation for the strong force and its carriers. In 1974, Aubert and
Augustin experimentally verified that hadrons were composed of fractionally charged
quarks [10]. At long last, in 1975, Pais and Treiman introduced the world to the
"Standard Model" as we know it, at the time consisting of the electroweak theory
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and the four-quark model.
Over time, experimental discoveries have broadened the Standard Model into what
is explained today in particle physics. The discoveries of the 2nd and 3rd generations
of leptons have spurred new research into the respective particles, as well as the search
for new generations of leptons. Furthermore, the experimental discovery of the Higgs
boson in 2012 [11], the particle which is thought to give mass to all others, is the
crown jewel of the Standard Model. Research into the physics beyond the Standard
Model is the aim of modern particle accelerators like the Belle II experiment, which
is the focus of the remainder of this article.
2 History of the Belle Experiment
The original Belle experiment [12] was high-energy particle physics experiment con-
ducted by the Belle Collaboration at the Japanese high-energy national laboratory,
Kō Eneruḡı Kasokuki Kenkyū Kikō (KEK), in Tsukuba, Japan. The Belle detector
ran from 1999 to 2010, making a number of discoveries in high center-of-mass energy
scales.
The Belle detector was located at the collision point of an asymmetric-energy
electron–positron (e−e+) collider, KEKB. Similar to the BABAR experiment at the
PEP-II accelerator at the Stanford Linear Accelerator Center (SLAC), Belle was an
example of a B-factory. These colliders focus on colliding electrons and positrons
at the center-of-momentum energy equal to the mass of the Υ(4S) resonance (10.58
GeV) [13] which decays to pairs of B mesons. The study of B mesons is crucial to
the search for charge-parity (CP) violation, a field of research for physics beyond the
standard model.
Although the Belle experiment was primarily motivated by the search for CP
violation, studies of rare decays, searches for exotic particles, and precision measure-
ments of the properties of D mesons and tau particles were also conducted. Highlights
of the Belle findings include:
Direct observation of CP violation in the neutral B meson system [14]
Measurement of the branching fraction of inclusive B → Xsγ decays. [15]
Observation of direct CP-violation in B0 → π+π− [16] and B0 → K−π+ [17].
Observation of b→ d quark transitions. [18]
The KEKB accelerator was the highest luminosity machine at the time, exceed-
ing a luminosity of 2.11 × 1034 cm−2 s−1. A large fraction of data collected was
collected at the Υ(4S) resonance, producing an integrated luminosity of about 710
fb−1 where 1 fb−1 = 10−43 m2, corresponding to 771 million BB̄ meson pairs. The
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Belle experiment’s results contributed greatly to the 2008 Nobel Prize in Physics be-
ing awarded to Kobayashi and Maskawa for their work on the breaking of symmetries.
The Belle II experiment [19], an upgrade of the orginial KEKB collider and Belle
detectors, will explore new physics in the flavor sector with a luminosity about 40
times greater than in Belle. The new SuperKEKB collider began running in late
2014, and the Belle II detector was "rolled in" in early 2015. Data collection began
in early 2018, and the instantaneous luminosity delivered by SuperKEKB crossed
2.25 × 1034 cm−2 s−1 on June 15, 2020 [20]. Belle II plans to continue to collect up
to 50 inverse-atto-barns (ab−1) of data, around 50 times more than that collected by
Belle. This drastic increase in data is attributed to a factor 40 increase in instanta-
neous luminosity provided by SuperKEKB.
Figure 2. Left: A schematic view of the SuperKEKB accelerator. Right: The Belle
II Detector. (Courtesy: belle2.org)
The new Belle II detector had to be upgraded [21] to withstand the large increase
in luminosity. Details of the structure of the Belle II detector are introduced later
in this report in chapter 2. These upgrades took place amongst the over 1000 physi-
cists and engineers from 115 institutions in 26 countries that constitute the Belle II
Collaboration.
3 Theoretical Background
The Belle II experiment is an ongoing particle physics experiment designed with the
aim of discovering new physics in the decay of bottom quarks, charm quarks and tau
leptons [19]. The primary motivation for Belle II, similar to Belle, is charge-parity
(CP) violation, or violations of CP-symmetry. CP-symmetry states that the laws of
physics should be the same if a particle is interchanged with its antiparticle (charge
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symmetry) while its spatial coordinates are inverted ("mirror" or parity symmetry).
Violations of CP-symmetry were first discovered in decays of the neutral kaon (K0) in
1964 by James Cronin and Val Fitch [22]. In 1980, the two were awarded the Nobel
Prize in Physics for their discovery.
CP-symmetry is of particular interest to cosmologists and particle physics alike,
as examples of its violation give insight into the dominance of matter over antimatter
in the present universe, as well as the study of weak interactions. The study of CP-
symmetry and violation can be traced back to Nicola Cabibbo’s work in preserving
the universality of the weak interaction [23].
The Cabibbo angle θC represents the rotation of the mass eigenstate vector space
formed by the mass eigenstates |d〉, |s〉 into the weak eigenstate vector space formed
by the weak eigenstates |d′〉, |s′〉. In terms of the Standard Model, the Cabibbo angle
is related to the relative probability that down and strange quarks decay into up
quarks (|Vud|2) and (|Vus|2) respectively. Using the currently accepted values for |Vud|







=⇒ tan θC = 13.02 deg (1)
With the discovery of the charm quark, it was seen that the down and strange
quarks could decay into wither the up or charm quark, generalizing the Cabibbo
angle into the Cabibbo matrix of 2 dimensions, seen below, where the various |Vij|2
















In 1973, Kobayashi and Maskawa observed that CP-violation could not be ex-
plained in a four-quark model and this generalized the Cabibbo matrix to reflect









As of 2010, the best determinations for the magnitudes of the CKM matrix ele-
ments were [25]:Vud Vus VubVcd Vcs Vcb
Vtd Vts Vtb
 =







The CKM matrix gives rise to the possibility of CP-violation, albeit in an indirect
way. For example, suppose we have two given particles a and b with respective
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antiparticles and and processess a→ b and ā→ b̄. If the processes have respective
amplitudes M and M̄ , these two must be the same complex number, or else CP
symmetry is violated. Separating the magnitude and phase for these processess results
in M = |M |eiθ. If we introduce a phase term from the CKM matrix, this formulation
becomes:
M = |M |eiθeiφ (5)
M̄ = |M̄ |eiθe−iφ (6)
futher calculation yields:
|M |2 − |M̄ |2 = −4|M1||M2| sin (θ1 − θ2) sin (φ1 − φ2) (7)
Thus, we see that these processes can occur at different rates for particles and
antiparticles, and CP symmetry is violated.
The B0 system has the largest CP violation effects in the Standard Model as
described by the CKM matrix, and is thus of primary importance in the study of CP
violation. Belle II is the first in a new generation of B-factory experiments designed
to study the decays of the B meson to learn more about this violation and how it
leads to physics beyond the Standard Model. Many examples of CP-violating decay
were observed by the Belle detector, including B0 → cc̄s, qq̄s and B0 → uūd, giving
promise for more discoveries with Belle II.
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CHAPTER II
The Belle II Detector
1 Introduction
The Belle II detector [19] at the SuperKEKB accelerator is the hallmark of a new
generation of B-factory experiments, designed to produce B mesons in large quanti-
ties for studying of CP violation and physics beyond the Standard Model. Previous
B-factory experiments like Belle and BABAR recorded collisions at a luminosity of
1034 cm−2 s−1, and Belle in particular recorded a final amount of roughly 1 ab−1 of
data. Belle II, thanks to the SuperKEKB accelerator, plans to reach 50 ab−1 of data,
over 50 and 100 times more than Belle and BABAR, respectively [26].
B-factory [12] experiments are also great sources of τ leptons, given the compara-
ble cross sections of B and τ productions, 1.110± 0.008 nb and 0.919± 0.003 nb [27],
respectively, at the center-of-mass (CM) energy of 10.58 GeV. As such, there is in-
terest in using Belle II as a home for searches in tau physics, or the behavior of the
tau lepton. Belle II expects to record the largest sample of tau-pair events, nearly
1011 such events over its lifetime. This dataset will provide insight into the field of
tau physics as well as glimpses into physics beyond the Standard Model.
Compared to the precursor Belle experiment, the Belle II detector operates at 40
times higher event rates, with nearly 10-20 times higher background rates as well.
To assure maximum physics performance, the detector must be designed to mitigate
background effects which often cause increased occupancy and radiation damage as
well as a number of "fake" hits, or improperly recorded data. Additionally, hadronic
identification had to be improved as the Belle detector was sub-par in this field.
The Belle II detector saw remarkable upgrades [21] to a number of components of
the original Belle detector. These upgrades as well as the overall structure of the Belle
II detector are discussed in this chapter. Belle II remains an ongoing experiment with
planned maintenance and upgrades, as such some of the components of the detector
are bound to change. Nevertheless, the overall structure of the detector and role of
each subdetector will remain unchanged.
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2 The Belle II Detector
While the new Belle II detector mirrors its predecessor in size and shell, all compo-
nents of the detector are either new or considerably upgraded. The detector itself is
shown in the figure below, with an outline of a human for size reference. The detector
is asymmetric in design, as the interaction point does not occur at the center of the
detector. This is intentional, as the beams which are collided at the detector are do
not carry the same momentum, implying a system momentum that is biased towards
the electron beam.
Figure 3. An overview of the Belle II subdetectors. (Courtesy: Source [21])
Vertex Detector (VXD)
The closest subdetector to the interaction point, the vertex detector (VXD) [28]
is tasked with identifying interaction points at which particle decay, producing a
"vertex" as charged particles are accelerated by the detector’s magnetic coils. The
innermost portion of the VXD is the bi-layered silicon Pixel Detector (PXD). The
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Figure 4. A schematic, top-down view of the Belle II detector and its various
subcomponenets. (Courtesy: Source [21])
Figure 5. A schematic view of the Belle II vertex detector with a Be beam pipe,
two pixelated layers and four layers with silicon strip sensors (Courtesy: Source [19])
r = 14 mm and r = 22 mm from the beam axis. The four layers of silicon vertex
detectors (SVD) are positioned at radii of r = 38 mm, 80 mm, 115 mm, and 140 mm
and are equipped with double-sided silicon microstrip sensors.
Compared to its predecessor, the Belle II VXD is located nearer to the interac-
tion point and its outermost layer extends further than that of the Belle detector,
producing significan improvement in vertex resolution. The reconstruction efficiency
of K0S → π+π− decays from hits in the vertex detector is also expected to improve.
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Central Drift Chamber (CDC)
One of the core instruments of the Belle II detector, the central drift chamber (CDC)
is a large volume drift chamber with small drift cells. Due to the expanded size of
the PXD, the Belle II CDC is larger than its predecessor, extending to a radius of
r = 1130 mm. The smaller drift cells of the Belle II CDC were designed to cope with
increased background rates in the higher-luminosity experiment. The CDC contains
a total of 14,336 sense wires arranged in 56 layers, either in “axial” orientation, e.g.
aligned with beams of incoming particles, or in “stereo” orientation, e.g. skewed with
respect to the beam axis. By combining hit information from both axial and stereo
wires, a full helix path can be reconstructed [29] for any given charged particle trav-
eling through the CDC. The gas chamber in CDC is filled with a He-C2H6 in a 50:50
mixture, which has an average drift velocity of 3.3 cm/µs and a maximum drift time
of about 350 ns for a 17 mm sized cell.
The CDC was tested by observing comsic rays, of which the figure below shows
an example.
Figure 6. A cosmic muon as recorded by the Belle II Central Drift Chamber (CDC)
Particle Identification System (TOP and ARICH)
Particle identification (PID) at Belle II is conducted by two primary subdetectors.
The time-of-propagation (TOP) [30] detector is located in the barrel region and the
aerogel Cherenkov radiator (ARICH) is in the forward endcap region. The design
requirements of these detectors called for good separation of pions and kaons at up
to 4 GeV/c.
The TOP detector is composed of 16 modules (a figure of which is provided be-
low), each consisting of 4 parts. The modules consist of two fused silica bars of
dimensions (125× 45× 2) cm acting as Cherenkov radiators, a mirror located at the
forward end of the bars, and a 10 cm long prism coupling the bar with an array
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of micro-channel-plate photo-multiplier tubes (MCP-PMT). The TOP utilizes total
internal reflection of parallel Cherenkov photons which are focused into a singular
pixel by the mirror while the chromatically dispersed rays are detected by separate
channels. For a successful identification, the particle production time must be known
within a precision of about 50 ps, well achievable by the Belle II detector’s advanced
electronics.
Figure 7. One of the 16 modules of the ARICH detector (Courtesy: Source [19])
The ARICH detector uses 2 layered tiles of aerogel with a photon detector on
the opposite side to detect avalanche-d Cherenkov radiation. The reflective indices
of the layers are n1 = 1.045 and n2 = 1.55 respectively. At the endcap section of the
detector, a hybrid avalanche photon detector (HAPD) [31] is jointly used with the
single-photon-sensitive high-granularity sensor to detect the passing of particles via
input to avalanche-d photodiodes.
Electromagnetic Calorimeter (ECL)
The electromagnetic calorimeter (ECL) [32] is a highly-sensitive array of thallium-
doped cesium iodide CsI(Tl) crystals arranged in a projective geometry. The ECL
extends not only along the barrel of the detector, but also to each endcap, totaling
8736 crystals covering nearly 90% of the solid angle of the center-of-mass system. It is
expected that the ECL will perform on-par with the Belle detector where the energy
resolution observed with the same calorimeter was σE/E = 4% at 100 MeV, 1.6%
at 8 GeV, and the angular resolution was 13 mrad (3 mrad) at low (high) energies,
while π0 mass resolution was 4.5 MeV/c2.
K0L -Muon Detector (KLM)
The K0L and muon (KLM) detector at Belle was made of glass-electrode resistive
plate chambers (RPC) [33]. Given the high luminosity of the Belle II experiment,
RPCs were only used in some parts of the barrel section of the upgraded KLM [34].
The innermost two barrel layers and the entirety of the endcaps at Belle II consist
of layers of scintillator strips [35] rather than the old glass-electrode RPCs. The
newer scintillators are thought to be better equipped to not only provide higher
resolution between kaons and muons, but also be better equipped to handle the
higher luminosity. Although the high neutron background will also cause damage to
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the silicon photomultiplyers that read out detections in the KLM, such a detector
system has been shown to be effective when coupled with appropriate discrimination
thresholds in radiation tests.
3 Trigger System
The inclusion of a trigger system widens the potential for physics analysis by using
a single-photon trigger for dark sector searches as well as two- and three-photon
triggers for axion-like particle searches. The Belle II trigger is composed of two levels:
the hardware-based low-level trigger (L1) and the software-based high-level trigger
(HLT). Whereas the low-level trigger has a latency of 5 µs and maximum output rate
of 30 kHz, it is limited by the read-in rate of the Belle II Data Acquisition System
(DAQ). The high-level trigger uses information from CDC track finding and ECL
reconstruction to suppress the output rate to 15 kHz. A total of 6000 CPU cores
process at the low-level rate of 30 kHz. The HLT also performs offline reconstruction,
allowing full resolution access to all detectors with the exception of the PXD. Once




Software Validation at Belle II
Software takes on multiple roles at Belle II, simultaneously generating events, simu-
lating physical processes and reconstructing events within the detector environment.
Furthermore, simulation software is used to predict and/or verify physics analysis ef-
forts. A new range of software is being developed for both educational purposes and
for physics analysis. Software also serves important roles in trigger decision-making
at the detector. One of the primary software tools utilized at Belle II is the Geant4
simulation toolkit.
1 Geant4
Originally developed in 1998 by the eponymous Collaboration, Geant4 (for GEome-
try ANd Tracking) [36] is a platform for "the simulation of the passage of particles
through matter" using Monte Carlo methods. Geant4 has wide-spread usage in high
energy physics, nuclear experiments, medical, accelerator and space physics. Geant4
is an all-in-one simulator for the interactions taking place at any collider, and is widely
used in the Belle II experiment. The toolkit includes packages for handling geometry,
tracking, detector response, run management, visualization, and user interface.
Geant4 is a wonderful tool in physics analysis, but its software is continuously
undergoing upgrades for better and more optimized performance. Specifically, many
of the packages and modules created for Geant4 are not optimal at Belle II energy
ranges, offering room for potential software improvement. Additionally, packages
must be updated as new data provides greater modeling of physics processes, creat-
ing a need for frequent validation.
2 PhysicsList Validation
The Belle II experiment began using Geant4 toolkit v10.1.2 to simulate its detector
response and operations. This toolkit uses Monte Carlo methods to simulate particle
decay events within the Belle II detector. Experts can employ various modules to
simulate varying physical constraints in order to gain insight into physics beyond the
Standard Model. One such module is known as the PhysicsList, and serves as a sort
of guidelines for modeling decays. The popularly used default PhysicsList in Geant4
is known as FTFP_BERT, where FTF refers to the Fritiof string model, P refers to
the G4Precompound model used for nuclear de-excitation, and BERT refers to the
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Bertini-style Intra-nuclear Cascade hadronic models.
The Fritiof model has been widely used to simulate hadron-nucleus interactions
with Plab > 3− 4 GeV/c, nucleus-nucleus interactions with Plab > 2− 3 GeV/c, and
antibaryon-nucleus interactions as well as antinucleus-nucleus interactions with no
low energy threshold. The Bertini model, although effective in modeling hadronic
processes, was optimized for LHC experiments. As such, a custom Belle2 PhysicsList
was created with optimized hadronic and electromagnetic processes drawing on the
default FTFP_BERT list.
The new Belle2 PhysicsList must be validated before it can be used in physics
analysis and simulation. This validation takes the form of a reconstruction-based se-
lection procedure on tau-pair events decaying into a final state consisting of electron,
photons, and pions. These events were chosen due to the presence of both hadronic
and electromagnetic final state particles. Using shower-shape variables from the elec-
tromagnetic calorimeter (ECL), a greater understanding of the modeling of these
three particles can be gained.
To properly validate the Belle2 PhysicsList, five primary results were checked:
photon shower shape, electron/pion events, detectable energy deposits, the effects of
switching from electromagnetic (EM) standard option (0) to option 1, and the effect
of switching hadronic reconstruction from FTFP_BERT to a new model combina-
tion. By analyzing the performance of the Belle2 PhysicsList against the default
PhysicsList in Monte Carlo simulations, an update to the new PhysicsList can be
justified.
3 Results
To validate the Belle2 PhysicsList, 100,000 events of the type e−e+ → τ−τ+ were
simulated in the Geant4 toolkit. Half of these events (50,000) were set to decay into
the following channels
τ− → e− ν̄e ντ (8)
τ+ → π+ π0 ν̄τ (9)
and the other half (50,000) into
τ− → π− π0 ντ (10)
τ+ → e+ νe ν̄τ (11)
.
This final state system provides us with a sample of electron and pions, and
through the π0 → γ γ decay, photons. Particular variables of interest in this simu-
lation include momentum (p) measurement in the central drift chamber (CDC), and
the distribution of energy (E) over various regions of the calorimeter. These energy
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distributions can be studied in terms of standardized quantities of the form E(i)E(j),
where i refers to the number of CDC cells over which the particle energy is measured
and and j refers to the total size of cells considered (i.e. E1E9 is a measurment of
the ratio of the energy deposited in the central most cell (1) of a node to the size (9)
of the node considered).
A reconstruction-based selection process was used to differentiate between events
comprising of the three particles of interest. Events with one parallel (or anti-parallel)
track to the beam thrust axis and with E/p > 0.8 were classified as e± events, as
those particles, when accelerated at the high velocities present in the detector have
large momenta compared to total energy. Events with one parallel (or anti-parallel)
track to the beam thrust axis and E/p < 0.8 were classified as π events, with the
subsequent imposed constraint that the presence of a π0 particle decaying into a pair
of γ yields an invariant mass of the 2-γ system in the range of 115-155 MeV/c2.
Simulations of this nature were carried out in Geant4 v10.1.2 with both the de-
fault and Belle2 PhysicsLists. The simulation of tau-pair events into a final state of
electron, photons and pions resulted in 9 histograms of variables of importance for
each of the respective final state particles. The histograms are organized to reflect
population, or cell occupancy on the y-axis with the labeled variable along the x-axis.
These histograms, shown in Figures 8, 9, and 10 display simulated data from both
the default (red) and Belle2 PhysicsLists (blue). In each case, no matter the variable
or particle of interest, the new Belle2 PhysicsList accurately mirrors the performance
of the default FTFP_BERT PhysicsList.
Lastly, the Belle2 PhysicsList was vetted for timing validation. As seen in Fig-
ure 11, the Belle2 PhysicsList reduced the CPU requirement by up to 25% in the
simulation of 1,000 bb̄ events. This leads us to believe the Belle2 PhysicsList is a
more efficient long-term solution.
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Figure 8. Electron events comparing default and Belle2 PhysicsLists.
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Figure 9. Photon events comparing default and Belle2 PhysicsLists.
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Figure 10. Pion events comparing default and Belle2 PhysicsLists.
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Figure 11. A comparison of event simulation times for the default (top) and Belle2




Data Quality Monitoring of the Muon Detector
The KLM is the largest and outermost subdetector of Belle II [35]. It’s purpose is
to reconstruct and identify muons (µ) and the long-lived neutral kaon (K0L). The
Belle II KLM is an upgraded version of the Belle KLM detector [33]. Given the high-
luminosity environment will produce vast quantities of data in small time frames,
there is a large need for data quality assurance within each of the subdetectors.
This chapter will cover the details of the structure of the KLM and the data quality
monitoring (DQM) process for the subdetector.
1 The Muon Detector
The KLM subdetector consists of resistive plate chambers (RPCs) and scintillator-
based detectors [37]. All active detecting elements are located outside of the detector’s
superconducting solenoid. Large-area thin planar RPC detectors are interleaved with
passive iron plates of thickness 4.7 cm. The iron plates serve as magnetic flux return
of up to 1.5 T for the solenoid, giving rise to 3.9 interaction lengths of material. In the
predecessor Belle detector, gaps in the iron magnetic flux return were populated with
only resistive plate chambers (RPCs). In the primary upgrade of the KLM detector,
the RPCs in the endcaps and two innermost layers of the barrel were replaced with
scintillator-based detectors with silicon photomultiplyer readout via wavelength shift-
ing fiber light collection. This replacement negates the high dead-time of the RPCs,
as well as provides a longer-lifetime alternative in the high-luminosity environment.
The KLM is subdivided into its barrel (BKLM) and endcap (EKLM) regions,
as shown in Figure 12. The barrel is further divided into forward and backwards
halves, each with eight sectors, each sector with 15 layers. Layers 0-1 are composed
of scintillator strips, while the remaining layers are of RPCs. Endcaps are divided
into four sectors (quadrants) each, with 14 (12) layers in the forward (backwards)
endcaps. The BKLM covers the region spanning from θ = 37 to θ = 130 deg, whereas
the EKLM covers the region where θ ∈ (18, 47) ∪ (122, 155) deg.
The readout of the KLM starts with analog signals being digitized in the front-end
electronics (FEE) boards that surround the detector. The digitized readouts from the
ASIC-based scintillators and discriminator-based readouts from the RPCs are merged
into Data Concentrators (DC). In the barrel (endcaps) all FEE boards of the same
sector are connected to one (two) Data Concentrators (DC). The data collection of
all subdetectors at Belle II used to be handled by a Common Pipelined Platform for
Electronics Readout (COPPER), a versatile data acquisition (DAQ) board equipped
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Figure 12. Schematic view of the barrel and encap sections of the KLM. Reference:
[38]
with a variety of input/output cards and CPUs. Each Data Concentrator is connected
to a High-Speed Serial Link Board (HSLB) on a COPPER via Belle2Links, a front-end
timing switch board (FTSW) for trigger-timing distribution, and a universal trigger
board version 3 (UT3) which generates a KLM trigger for the Global Decision Logic
(GDL) where the final online trigger decision is performed. The COPPER system
is currently being replaced by a new PCIe40 based readout system as part of the
ongoing DAQ upgrade of the entire Belle II detector.
2 Data Quality of the KLM
The upgraded KLM of Belle II requires testing and validation before proper physics
analysis can be conducted. Given the increase in luminosity at Belle II, all electron-
ics must be routinely vetted. The data quality monitoring (DQM) process for the
KLM consists of converting raw data from the detector’s electronic readouts into plots
showcasing the effectiveness of the detector. All DQM plots shown in this chapter are
from experiment 14, run 1536, taken 28 Nov. 2020 as a part of the 2020c data-taking
period.
23
Figure 13. An example DQM plot showing the distribution of RPC trigger times
(left) and the RPC trigger times differentiated by sector (right) for a given run.
To create a DQM plot for the KLM, the raw data must be converted into manage-
able files known as NTuples by reconstruction software using sector, layer, channel,
time and charge information from the detector. Subsequently, the Ntuples must be
converted into bklmDigits, which are reprocessed into files known as BKLM 1D hits
and BKLM 2D hits. These hit files are then overlaid into histograms, which can then
be displayed as the plots we are interested in. Figure 13 shows an example set of
timing DQM plots for the resistive plate chamber (RPC) detector elements within
the KLM detector. Each step in the plot-production process requires the storing
of intermediate data, leading to a growing amount of required disk storage as the
amount of data processed increases. The issue with such a massive data set is that
it must be acutely scrutinized, requiring extensive quality monitoring.
3 DQM Webpage Environment
To facilitate the distribution of DQM plots to researchers interested in particular
runs or sectors, a website was created to access the plots rapidly and without the
need for repeated processing. Within the site (https://dqm.belle2.org/klm/), expert-
level DQM plots can by dynamically produced and modified without the need of the
KEKCC computing resources, reducing the strain on the experiment’s computing job
grid.
This site, initially developed by Atanu Pathak, allows users to visualize diagnostic
plots from a number of experiment runs. Atanu’s work included an offline library of
all runs from the start of the phase 3 data-taking period in Spring 2019 through the
2020b period, ending July 2020. My work, following his, began with the 2020c data-
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taking period, an example of which is experiment 14 run 1536, taken on 28 November
2020. Beginning with the 2020c data-taking period, the site will be used to store
only updated reference DQM plots. These references can be cross-checked against a
specific run to determine detector efficiency for that run.
Figure 14. An example of the DQM Plot Webpage showing hits in the x/y plane,
both forwards and backwards with respect to the CM system.
The plots can be accessed remotely, even by mobile phone. This allows experts
to diagnose issues in data-taking on-the-fly, as well as analyze the health and perfor-
mance of the detector. A screenshot of the DQM plot website from a mobile phone is
shown in Figure 14. Below, in Figures 15 and 16 you see examples of a large-screen
readout of DQM plots. Depicted are hit occupancy plots of the endcap portion of the
KLM (EKLM) for 12 of the 14 layers, in both the forward and backward direction.
These are used to determine detector failure in a certain region.
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Figure 15. Hit occupancy for Endcap forward in x vs y view, for layers 1-12
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As the Belle II experiment begins taking data at higher and higher luminosities, the
collaboration expects many new physics discoveries to be announced. In its early
operations, the Belle II detector is showing promise as the latest of a new generation
of B-factories.
The software validation efforts at Belle II have shown that the model Belle2
PhysicsList is comparable to its predecessor, the FTFP_BERT PhysicsList, in the
modeling of hadronic and electromagnetic processes. Furthermore, the Belle2 Physic-
sList reduces CPU requirements by up to 25% of the most general, showing promise
for expedited progress for event generation.
The KLM detector at Belle II is now operational and taking data with high per-
formance. The detector has been vetted against cosmic and beam runs and is now
contributing to full physics operations. Data quality monitoring plots are continually
produced as Belle II produced valuable physics runs. These plots are available online
in small-size files for experts to scrutinize respective sectors of the detector. The
DQM plots will continue to play a crucial role in monitoring the health and efficiency
of the detector.
As Belle II continues, we expect to see many more discoveries in the world of
particle physics. Using the dataset generated by the experiment, physicists will be
able to model and predict physics beyond the Standard Model for decades to come.
Belle II was designed with the aim of discovering new physics in the decay of bottom
quarks, charm quarks and tau leptons, and now those doors are finally opening.
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Appendix A: Commonly Used Acronyms
Below is a list of commonly used acronyms within this article.
ARICH - Aerogel Cherenkov radiator
BKLM - Barrel KLM
CDC - Central drift chamber
CERN - Formerly "Conseil européen pour la recherche nucléaire", currently "Organ-
isation européenne pour la recherche nucléaire"
CKM - Cabbibo-Kobayashi-Masakawa matric
COPPER - Common Pipelined Platform for Electronics Readout
CP - Charge-parity
DAQ - Data Aquisition
DC - Data Concentrator
DEPFET - Depleted-substrate field-effective transistor
ECL - Electromagnetic Calorimeter
EKLM - Endcap KLM
EM - Electromagnetic
FEE - Front-end electronics
FTFP_BERT - Fritiof string model, G4Precompound, Bertini cascade
FTSW - Front-end timing switch board
GDL - Global Decision Logic
HAPD - Hybrind avalanche photon detector
HLT - High Level Trigger
HSLB - High-Speed Serial Link Board
KEK - Kō Eneruḡı Kasokuki Kenkyū Kikō
KEKB - Kō Eneruḡı Kasokuki Kenkyū Kikō–Collider B
KEKCC - KEK Computing Center
KLM - K0L and Muon Detector
LHC - Large Hadron Collider
MCP-PMT - Micro-channel-plate photo-multipluer tubes
PEP-II - Positron-electron project II
PID - Particle Identification
PXD - Silicon pixel detector
QCD - Quantum Chromodynamics
RPC - Resistive Plate Chamber
SLAC - Stanford Linear Accelerator Complex
SVD - Silicon vertex detector
TOP - Time of Proporgation detector
UT3 - Universal trigger board version 3
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